Abstract
protective mechanisms contributing to Salmonella pathogenicity is not completely 23 appreciated. Here, we have investigated the roles of receptor guanylyl cyclase C (GC-C) that 24 is predominantly expressed in the intestine, and regulates intestinal cell proliferation and 25 fluid-ion homeostasis. Mice deficient in GC-C (Gucy2c -/-) displayed accelerated mortality 26 following infection via the oral route, in spite of possessing comparative systemic Salmonella 27 infection burden. Survival following intra-peritoneal infection remained similar, indicating 28 that GC-C offered protection via a gut-mediated response. Serum cortisol was higher in 29
Gucy2c
-/-mice, in comparison to wild type (Gucy2c +/+ ) mice, and an increase in infection-30 induced thymic atrophy, with loss in immature CD4 + CD8 + double positive thymocytes, was 31 observed. Accelerated and enhanced damage in the ileum, including submucosal edema, 32 epithelial cell damage, focal tufting and distortion of villus architecture, was seen in Gucy2c Introduction 41 lumen. Hence, the major role of GC-C is in maintenance of fluid-ion homeostasis in the gut 69 (11). GC-C also serves as the receptor for the heat-stable enterotoxin (ST), the causative 70 agent of enterotoxigenic Escherichia coli (ETEC)-mediated diarrhoea in children and 71 traveller's diarrhoea (12, 13) . Mice lacking GC-C are resistant to heat-stable enterotoxin-72 induced fluid accumulation (13), and are reported to display higher susceptibility to dextran 73 sodium sulphate-induced colitis (14) . Previously, we have demonstrated that mice lacking 74 GC-C show higher number of N-Methyl-N-nitrosourea-induced aberrant crypt foci (15), 75 indicating a role for GC-C in maintaining intestinal cell proliferation. 76
Mice deficient in GC-C i.e., Gucy2c -/-mice have been reported to possess a compromised gut 77 epithelial barrier which was attributed to the lower expression of tight junction proteins such 78 as occludin, claudin2 and claudin4 (14) . Citrobacter rodentium (C. rodentium), an enteric 79 Gram-negative bacterium causes self-limiting infection in mice, and Gucy2c -/-mice are 80 reported to be more susceptible to infection by them (16). Here, we have studied the role of 81 GC-C as a host factor during Salmonella-mediated pathogenesis in mice. We find that in 82 contrast to expectations that a compromised gut barrier would lead to enhanced systemic 83 susceptibility of Gucy2c -/-mice to oral, but not intra-peritoneal, infection with S. 93 Typhimurium (Fig. 1a) , indicating a role for GC-C in offering protection to gut-associated 94 infection. Median survival for Gucy2c +/+ mice following oral infection was 112 h while it 95 was 80 h for Gucy2c -/-mice, and the difference was statistically significant (p = 0.006). 96
Interestingly, fecal excretion of bacteria was similar in Gucy2c +/+ and Gucy2c -/-mice at early 97 stages of infection, as was the bacterial burden in organs such as the spleen, Peyer's patches 98 and liver on day 3 post infection (Fig. 1b, c) . In agreement with earlier observations (19), 99 poor survival was correlated with a significant reduction in body weight of Gucy2c -/-mice on 100 day 3 (Fig. 1d) . 101
Next, we monitored pro-inflammatory cytokines in the sera 3 days post oral infection, to 102 determine whether enhanced immune cell activation and inflammation was responsible for 103 the poor survival of Gucy2c -/-mice. As shown in Fig. 1e , while there was a tendency for an 104 increase in serum TNF-a and IL-6 levels on infection, the increase was not statistically 105 significant. IFN-g levels were elevated on infection in both strains of mice, but there was no 106 observed in both Gucy2c +/+ and Gucy2c -/-mice (Fig. 2b, c) , but was more pronounced in
-/-mice, both at 48 and 96 h post infection (Fig. 2b ). CD4 and CD8 cell surface 116 staining of isolated thymocytes revealed an increased depletion of CD4 + CD8 + thymocytes in 117
-/-mice post 96 hrs of infection (Fig. 2c) . 118
Increased epithelial damage in the small intestine is observed in Gucy2c -/-mice 119
Results so far suggest that the protective effects of GC-C are mediated predominantly at the 120 level of the gastrointestinal tract, and could be initiated early during infection, thereby 121 resulting in gross systemic effects and earlier death in Gucy2c +/+ mice. We therefore 122 monitored bacterial load in various regions of the gut following infection in both Gucy2c +/+
and

Gucy2c
-/-mice. Colony forming units (CFU) were enumerated on day 3 following 124 infection, at which time a few Gucy2c -/-mice had already succumbed. As shown in Fig. 3a , 125 while bacterial loads in the cecum and colon were similar in both the strains of mice, and an 126 almost 2-log order increase in bacteria was seen in the distal ileum. 127
We measured ileal damage and goblet cell number using Periodic Acid Schiff (PAS) staining 128 following paraformaldehyde fixation. Examination of small intestinal sections showed 129 marked histopathological differences between infected Gucy2c +/+ and Gucy2c -/-mice. 130
guanylin and uroguanylin 140
Results so far indicate that signaling via GC-C protects the host during Salmonella infection, 141
by reducing the extent of tissue damage and colonization in the ileum. We therefore asked if 142 infection alters the expression of genes in the GC-C signaling pathway, which could be a 143 strategy used by Salmonella to increase its virulence in the host. We performed quantitative 144 real-time PCR analysis of cDNA prepared from the distal ileum of Gucy2c +/+ mice on day 3 145 following oral infection and observed that the transcript levels of GC-C were significantly 146 reduced on infection (Fig. 4) . The distal ileum is a region where both guanylin and 147 uroguanylin are expressed to comparable levels (22), and interestingly, transcript levels of 148 both the ligands were again reduced on infection in both Gucy2c +/+ and Gucy2c -/-mice ( Fig.  149 4). Therefore, turning off the GC-C signaling pathway may be beneficial to allow Salmonella 150 to colonize and establish infection. 151
Other genes downstream of GC-C did not show a change in expression levels (Cftr, PkgII and 152 for GC-C signaling in modulating specific arms of the Salmonella-induced immune response. 169
Pde5
Reduced Lactobacilli in Gucy2c -/-mice could contribute to initial susceptibility of mice to 170
Salmonella infection 171
The gut microbiota is known to influence infection progression by Salmonella (17, 18, 25, 172 26) . We therefore monitored the major Phyla of bacteria present in the mouse gut, and also 173
Lactobacillus sp which has been reported to protect from Salmonella infection (25-28). We 174 prepared genomic DNA from stool samples from both Gucy2c +/+ and Gucy2c -/-mice, and 175 performed real-time PCR using universal and Phyla specific primers for the 16S rRNA genes. 176
As shown in Fig. 6 Higher circulating cortisol could be attributed to enhanced colonization and inflammation in 206
Gucy2c
-/-mice, as evidenced by histopathology of the ileum. S. Typhimurium infection 207 results in inflammation of the cecum and colon, with lower inflammation seen in the ileum of 208 mice (30). Germ-free mice display higher ileal load than specific-pathogen-free mice when 209 administered with similar doses of S. Typhimurium (31). The higher colonization in the ileum 210 of Gucy2c -/-mice may be due to higher translocation or invasion of Salmonella in the gut of 211 these mice. Interestingly during Crohn's disease, selective inflammation in the terminal ileum 212 is observed. In addition, the standard therapy for inflammatory bowel disease (IBD) is 213 administration of corticosteroids, which facilitate immunosuppression (32). The elevated 214 levels of cortisol observed in Gucy2c -/-mice during infection (Fig. 2a) might be a 215 compensatory mechanism to reduce inflammation of the ileum. 216
Salmonella pathogenesis results in altered gene expression profile in the intestine (1). The 217 transcript levels of GC-C and its endogenous ligands, guanylin and uroguanylin were 218 downregulated upon infection in the ileum ( There are only two reports so far of disruption of the GC-C signaling at both the receptor and 231 the ligand level, as we see here on Salmonella infection (Fig. 4, 6b ). In ulcerative colitis 232 patients, a severity-dependent downregulation in expression of GC-C and its ligands, 233 guanylin and uroguanylin in the colonic mucosa is observed. GC-C and its ligands are also 234 downregulated in inflamed colonic IBD mucosa of patients, and in 2,4,6-Trinitrobenzene 235 sulphonic acid-induced colitis in rats (34). The significant downregulation of GC-C and its Salmonella infection (5). Gucy2c +/+ mice displayed a modest but non-significant increase in 246 transcript levels of TNF-α in the ileum, whereas a significant induction was observed in 247
5). TNF-α also mediates the depletion of goblet cells during S. 248
Typhimurium infection in mice, as pre-treatment with anti-TNFα antibody restores the goblet 249 cell numbers and mucin profiles (6). We however see an increase in goblet cell numbers on 250 infection in the small intestine in Gucy2c -/-mice, suggesting a novel means of regulating 251 goblet cell number by GC-C not reported to date. 252 Neutrophils play major roles during acute inflammation and are the first leukocytes to be 253 recruited at the site of infection. Neutrophils can eradicate the pathogen by various 254 mechanisms and their recruitment to the inflamed site is crucial for bacterial clearance. 255
Cytokine production upon infection results in stimulation of epithelial cells to secrete CXC 256 chemokines which attract neutrophils to the site of inflammation (7). The expression of 257 various CXC ligands were upregulated in the ileum upon infection (Fig. 5 ). However, a 258 significant upregulation of CXCL2 was observed in Gucy2c -/-than in Gucy2c +/+ mice ( Fig.  259 5). CXCL2 is a pro-inflammatory, high affinity chemokine for the CXCR2 receptor present 260 on neutrophils (7). Higher expression of CXCL2 due to enhanced inflammation may result inincreased recruitment of neutrophils to the ileum of Gucy2c -/-mice, which was evident in the 262 ileal pathology (Fig. 3b) . indeed, the transcript levels of Reg3β in Gucy2c -/-mice were found to be significantly lower 278 than in Gucy2c +/+ mice upon infection, and may also partly account for the susceptibility of 279 these mice to Salmonella infection. 280
The gut microbiota is a critical determinant for susceptibility to various infectious pathogens 281 (44) including S. Typhimurium (17, 18, 25, 26) . The gut microbiota can either promote 282 resistance to colonization of pathogens or assist and enhance its virulence (44). In our study, 283 there were no significant differences in the abundance of the major phyla i.e., Bacteriordetes, 284
Firmicutes, Actinobacteria and Proteobacteria in Gucy2c +/+ and Gucy2c -/-mice (Fig. 6a) . 285
However, a significant decrease in the abundance of Lactobacillus was observed in Gucy2c -/-mice which is in accordance with a previous observation made in these mice (16 
Gucy2c
-/-mice susceptible to Salmonella infection and may contribute to the higher degree of 294 translocation and epithelial damage in the ileum. 295
Microbiota dysbiosis has been reported in mice null for genes involved in fluid-ion 296 homeostasis of the gut (45, 46). It is possible that GC-C enhances growth and colonization of 297 Lactobacillus in the gut by providing and maintaining the luminal pH and/or electrolyte 298 distribution and balance. Further studies are required to comprehensively understand the role 299 of GC-C in regulating the distribution of gut microbiota. 300
In summary, we have studied the role of GC-C during S. Typhimurium infection in mice and 301 have identified GC-C as a crucial host factor that provides protection against gut-mediated 302 infection by S. Typhimurium. Our results summarized in Fig. 6b , indicate that Salmonella 303 infection results in downregulation of GC-C ligands and a modest but significant 304 downregulation of GC-C. Absence of GC-C in the gut modulates the innate immune response 305
to Salmonella and cytokine production, possibly affecting neutrophil migration in the distal 306 ileum. We speculate, therefore, that administration of GC-C ligand analogs may alleviatecauses diarrhoea may act as a therapeutic target for treatment and alleviation of Salmonella-312 mediated intestinal symptoms and pathology.
Materials and Methods 314
Bacterial cultures 315
The S. Typhimurium NCTC 12023 strain was used for mice infections. A single isolated 316 colony of S. Typhimurium grown on a Salmonella-Shigella (SS) agar plate was used to grow 317 culture the pre-inoculum. The overnight pre-inoculum was used at 0.2% in 50 mL of Luria 318 broth and cultured for 3 hours at 37°C and 160 rpm to obtain a log phase culture. The 319 bacterial culture was washed and resuspended in sterile phosphate-buffered saline (PBS) and 320 used for infection (21). 321
Mice 322
Gucy2c
-/-obtained from the Jackson laboratory, were backcrossed with C57BL/6 mice for 323 more than 10 generations. Gucy2c +/+ and Gucy2c -/-mice were maintained as described 324 previously (15), and housed in a clean air facility. Temperature (22 ± 2°C) and humidity (55 325 ± 10%) were maintained with a 12 h light/dark cycle. Mice had access to laboratory chow 326 and water ad libitum. Mice aged 6-8 weeks of either sex, weighing 18-30 grams were used 327 for experiments. 328
Ethics statement 329
The experiments were performed in agreement with the Control and Supervision rules, 1998 330 
Mice infection 339
The mice were infected with S. Typhimurium either orally or intra-peritoneally and survival 340 was monitored. For infections via the intra-peritoneal route, ~750 bacteria/mouse were 341 administered, while for oral infection, ~10 8 bacteria/mouse were used. The bacterial culture 342 was resuspended in PBS and 0.5 mL was administered either intraperitoneally or by oral 343 gavage. 344
Fresh fecal samples were collected following infection, weighed, homogenized in PBS and 345 the appropriate dilutions were plated on SS agar plates. For quantification of CFU burden in 346 organs, the mice were sacrificed at the indicated time points and the organs were harvested, 347 weighed and homogenized in PBS. Appropriate dilutions were plated on SS agar plates (20) . 348
Serum cytokines and cortisol estimation 349
Serum TNF-α, IL-6 and IFN-γ were quantified using ELISA kits (eBioscience, USA), while 350 serum cortisol amounts were measured using the AccuBind ELISA kit (Monobind Inc., USA) 351 according to the manufacturer's instructions (21). 352
Flow cytometric analysis of thymocytes 353
On indicated days, uninfected and infected mice were sacrificed, thymi dissected and washed 354 in PBS. The organs were disrupted with a pair of forceps and the cell suspensions were 355 passed through a fine wire mesh to obtain a single cell suspension, and viability of the cells 356 was estimated by Trypan blue exclusion assay using a haemocytometer. Thymocytes werestained for cell surface expression of CD4 and CD8 to estimate the major cell subpopulations. 358
Anti-mouse CD4-APC (17-0041-83) and anti-mouse CD8-PE (12-0081-85) were purchased 359 from eBioscience. Cells were incubated with fluorochrome-conjugated antibodies at 4°C for 360 45 mins. Subsequently, the cells were washed twice with PBS and fixed in 0.5% 361 paraformaldehyde. The cells were acquired on the FACSVerse™ flow cytometer (BD 362 Bioscience USA). Baseline instrument application and compensation settings were set using 363 unstained and single stained samples respectively. Single events were gated on the basis of 364 forward scatter-area versus forward scatter-height, while live events were gated on the basis 365 of forward scatter-area versus side scatter-area. These selections were considered to 366 exclusively analyse single live events. CD4 versus CD8 density plots were constructed for 367 thymocytes and the major cell populations were quantified. WinMDI and FlowJo (9.8.5) 368 software were used to plot and analyse the results (21). 369
Histological analysis 370
Histological analysis was performed on ileal sections, which were fixed in 4% 371 paraformaldehyde in PBS (pH 6.9) and Periodic Acid Schiff (PAS) staining was performed 372 (48). Briefly, following fixation, sections were dehydrated by serial immersion in increasing 373 concentrations of ethanol and finally in paraffin. The tissues were embedded in paraffin and 4 374 µm sections were obtained using a microtome (Leica Biosystems, Germany). The sections 375 were dewaxed and rehydrated by serial immersion in decreasing concentrations of ethanol. 376
Sections were stained with PAS (Avinash Chemicals, Bangalore, India) following theThe RNA was isolated using the QIAGEN RNeasy kit, according to manufacturer's protocol 383 and 4 µg of RNA was reverse transcribed to cDNA using Revert Aid reverse transcriptase 384 (Thermo-Scientific, USA). Real-time PCR was performed using SYBR® Premix Ex Taq™ 385 (Tli RNaseH Plus) on a CFX96 Touch™ Real-Time PCR Detection System (BIO-RAD, 386 USA). Three housekeeping genes Glyceraldehyde 3-phosphate dehydrogenase (Gapdh), 387 TATA box binding protein (Tbp) and b-actin (Actb) were used for internal normalization 388 controls. Since all three genes showed equivalent results, Gapdh was used for subsequent 389 normalization of the real time PCR data. Data is expressed as 2 -DCT . The sequences of 390 primers used for quantitative real-time PCR were obtained from those validated at the 391
PrimerBank database and are available on request (49-51). 392
Quantitative real-time PCR amplification of 16S sequences of fecal microbiota 393
Bacterial DNA was isolated from fecal pellets using the QIAamp® DNA Stool Mini Kit 394 according to manufacturer's instructions. The abundance of total bacteria and specific 395 intestinal bacterial phylum, class and species was quantified by real-time PCR analysis by 396 SYBR® Premix Ex Taq™ (Tli RNaseH Plus) on a StepOnePlus real-time PCR machine 397 (Applied Biosystems, USA) using 16S primers published earlier (52, 53) . The efficiencies of 398 each primer were estimated (data not shown) and were found to be > 90%. Relative bacterial 399 abundance was determined using the DDCT method by employing universal primers for 16s 400 rDNA for normalization (54). 401
Statistical analysis 402
All data was analysed using GraphPad Prism 7. The pooled results from independent 403 experiments are depicted as mean ± SD. Statistical significance among groups of mice were 404 determined using two-way ANOVA, with multiple comparisons, and FDR by the two-stage mice and levels of TNF-α, IFN-γ and IL-6 were measured by ELISA. In panels b-e, the data 599 are depicted as mean ± SD of 3-7 mice per group. Statistical significance among the 600 experimental groups in all panels was analysed using two-way ANOVA, *p≤0.05 and ns: not 601 significant. 602 cell surface expression of CD4 and CD8 and the density plots were constructed to quantify 611 the percentages of the major cell populations. Data are depicted as mean ± SEM of 5-8 mice 612
per group. In all panels, experimental groups were analysed for statistical significance using 613 two-way ANOVA, *p ≤ 0.05, ***p ≤ 0.001 and ****p ≤ 0.0001. Green bars indicate 614 differences that were statistically significant between Gucy2c +/+ (black circles) and Gucy2c 
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